Thermal resistance in heat-sensitive, dipicolinic acid (DPA)-less spores of Bacillus cereus Ht-8 heated in sucrose solutions increased at and above a concentration of 2 M sucrose. The decimal reduction times at 75°C for spores heated in 0.0, 1.8, 2.2, and 2.6 M sucrose were 2.0, 2.8, 4.5, and 12 min, respectively. Maltose, fructose, and glucose increased heat resistance above that observed in water but did not elevate resistance to the level observed with sucrose at the same osmolality. Cation-induced loss of thermal resistance in chemically sensitized spores was reversed in the presence of sucrose. Spores germinated in brain heart infusion were resistant when heated in sucrose. In the presence of sucrose, spores exhibited an increase in optical density at 700 nm. Electron micrographs of the DPA-less spores suspended in 2.2 M sucrose revealed a shrinkage of outer coats and exosporium membranes. The results suggested that the osmotic property of sugars increased thermal resistance in DPA-less spores. The osmotic pressure exerted by sugars may be similar to the pressure that usually exists within the cortex of normal spores containing DPA and may cause the dehydration of the protoplast and the consequent thermal resistance. 
water but did not elevate resistance to the level observed with sucrose at the same osmolality. Cation-induced loss of thermal resistance in chemically sensitized spores was reversed in the presence of sucrose. Spores germinated in brain heart infusion were resistant when heated in sucrose. In the presence of sucrose, spores exhibited an increase in optical density at 700 nm. Electron micrographs of the DPA-less spores suspended in 2.2 M sucrose revealed a shrinkage of outer coats and exosporium membranes. The results suggested that the osmotic property of sugars increased thermal resistance in DPA-less spores. The osmotic pressure exerted by sugars may be similar to the pressure that usually exists within the cortex of normal spores containing DPA and may cause the dehydration of the protoplast and the consequent thermal resistance. The role of dehydration and the nonessential nature of DPA for thermal resistance in spores were confirmed.
High sugar concentrations increase the heat resistance of bacteria (22) . Soluble carbohydrates in the heating menstruum enhance the heat resistance of bacterial spores, but equimolar concentrations of different sugars do not show an identical protective effect (23) . The addition of 10 to 50% sucrose or dextrose to tomato juice increased the F values of Bacillus thermoacidurans spores (2) . Maximum thermostability for spores of Clostridium botulinum was observed at 50% sucrose by Sugiyama (23) . Although the heat resistance of aerobic thermophilic spores was increased sevenfold in the presence of up to 70% sucrose, spores of a "putrefactive anaerobe" were unaffected (20) . Amaha and Sakaguchi (1) were unable to show any effect on survival due to the addition of 10 to 50% sucrose with spores of P.A. 3679. A liquid repair medium containing 10% sucrose decreased the amount of death for ultrahigh-temperature-injured spores of C. perfringens (10). Busta et al. (3) showed that a low concentration (0.6 M) of sucrose in an enumeration medium resulted in higher numbers of survivors of heated stage V B. cereus forespores. In explaining the mechanism of heat resistance by the expanded osmoregulatory cortex hypothesis, Gould and Dring (12, 13) concluded that sucrose at concentrations above 2 M could exert an osmotic pressure similar to that existing in the spore cortex. This pressure is induced mechanically and osmotically to dehydrate the protoplast and is the mechanism assumed to be present in normal spores for maintaining heat resistance. The dehydration effect caused by sucrose was confirmed with germinated spores of B. cereus, which could regain their heat resistance when heated in sucrose (9) . Germination was slower at higher osmotic pressure (8) . The limiting osmotic pressure for germination was about 36 to 46 atm, a value close to that of 2 M sucrose suggested by Gould and Dring (13) . Dehydration by sucrose also produced plasmolysis, cell shrinkage, and reduced cell volume in salmonellae and yeasts (5, 6, 11, 21) .
If the thermal resistance of spores depends mainly on having dehydrated protoplasts, it should be possible to demonstrate an increased heat resistance through osmotic manipulation in spores of heat-sensitive, dipicolinic acid (DPA)-less B. cereus. 22 .5°C (Fig. 4) . The ZD value of spores heated in water was 10.5°C. 10 20 30
The influence of other sugars on the thermal resistance was studied. Fructose, glucose, and tively, whereas the D value in water was 1 min. The results from separate studies not reported here showed that this effect was not associated with calcium ions, ionic strength, pH, or combinations of these factors. Thus osmotic pressure of the CaCl2 solutions was suspected to be involved in the increased heat resistance of these spores. The DPA-less spores of B. cereus Ht-8 then were exposed to heat treatments in various elevated osmotic environments (Fig. 2) . These spores were suspended in osmotic agents at similar osmolalities from 8.12 to 8.36 . The osmolality was calculated by the formula described by Wolf and Brown (24) . The spores became more heat stable in all osmotic solutions tested. The D values at 75°C for spores suspended in 2 M CaCl2, 4.7 M glycerol, and 2.6 M sucrose were 5, 6, and 12 min, respectively, whereas the D value in water was 2 min (Fig. 2) . The number of survivors in glycerol after 10 min of heat treatment, however, was greater than those in CaCl2. Sucrose imparted greater resistance than glycerol or CaCl2 at the same osmolality, and this dictated its use for subsequent studies. In a much higher osmotic solution, such as (Fig. 8A) During the experiments on increased refractility, spore suspensions were occasionally examined microscopically for germinated spores. No more than 3% germination occurred and thus had no effect on the results.
Electron microscopic examination of B. cereus Ht-8 spores in sucrose. Examination of preparations made after freeze-etching for 20 s indicated a shrinkage due to high osmotic pressure, as revealed by an irregularity of the outer coats of spores suspended in 2.2 M sucrose (Fig. 9B) . This was not visible for spores suspended in 0.5 M sucrose (Fig. 9A) . The exosporium seemed unaffected. When further etching for 60 s was carried out on freshly harvested spores, a change to irregularity of the exosporium was clearly identified with spores suspended in 2.2 but not in 0.5 M sucrose (Fig. 9D  and C) . Slight damage, apparently resulting from osmotic differences, was observed when spores kept in water were examined. Water, therefore, was not used for evaluating the influence of sucrose on spore morphology. Size was not determined because different etching positions influenced apparent spore size.
DISCUSSION
Stumbo (22) (3a), but dehydration did not appear to be a possible mechanism with injured spores. A high osmotic activity exerted by CaCl2 combined with a calcium ion effect has been discussed and related to heat resistance (13) . Sucrose, chosen for subsequent studies, eliminated the interference of cation effects in evaluating osmotic activity. The evidence accumulated here with sucrose suggests that the DPAless, heat-sensitive spores could be made resistant by osmotic manipulation. Increased heat resistance through DPA-less spore protoplast dehydration reinforces the expanded osmoregulatory cortex theory ofspore heat resistance (13) .
The characterization of sucrose-induced thermal stability followed an expected pattern. We observed a direct relationship between an increase in thermal resistance and sucrose content. A concentration above 2 M was needed to appreciably raise the D values. Sucrose at this level has been shown to maintain heat resistance in B. cereus T sensitized spores and is assumed to exert an osmotic pressure equivalent to a lower limit existing in the cortex of these spores (13 (7) suggests that the shrinkage depends upon the type of protective structure of microorganisms. The rigid coats of spores protect them from being easily collapsed in high osmotic environments, and this was reflected in a smaller OD increase. At 0.5 M sucrose, the percent increase in OD for the DPA-less spores was 20%, as contrasted with 30% for Saccharomyces and Schizosaccharomyces and 60% for salmonellae (7) .
The shrinkage of spores induced by high osmotic pressure and demonstrated by the OD measurement and electron microscopy was not unexpected, since such observations were made earlier in osmophilic yeasts and salmonellae (6, 11) . Corry (6) reported plasmolysis (parting of cell wall and cytoplasm) of Saccharomyces rouxii suspended in sucrose and sorbitol. This would not be inconsistent with our observations because the spore coat is known to originate from cytoplasmic membranes, and during sporulation small amounts of vegetative cytoplasm are trapped (18) . The high heat resistance of dry protein is well known (22) . Electron microscopy was not explicitly revealing, but one would expect morphological changes induced by dehydration throughout the entire spore including the protoplast region, where the membrane would shrink as well.
Apparently the vegetative cells were not in a condition for effective protective dehydration, because no apparent increase in thermostability in sucrose was observed. For nonsporeforming, gram-negative cells, however, heat resistance was directly related to sucrose content (5, 11) . Our results indicate that the osmotic dehydration by sucrose is similar to that occurring during the sporulation process and requires special spore barriers and structures.
Our data confirm the reports of Gould and Dring (12, 13) 
